Internal contacts along the eastern margin of the Tuolumne Batholith, central Sierra Nevada, California, and structures preserved along these contacts, are highly variable; the contacts range from relatively sharp, to gradational boundaries, to sheeted zones, to very complex boundaries formed by multiple processes. Fractional crystallization, kilometerscale mixing within broad transition zones, voluminous magmatic stoping along sharp contacts, and downward return fl ow (and/or margin collapse) of older magma units were important large-scale processes along these contacts during chamber construction. In contrast, sheeting, extensional cracking and diking represent only second-order, small-scale complexities. Formation of the most complex zones along internal contacts resulted from the interaction of the sequential emplacement of different units with the irregular geometry of these contacts, which often resulted from removal of earlier phases by stoping.
INTRODUCTION
Many recent studies that focus on construction of composite magma chambers in the middle and upper crust Kistler and Fleck, 1994; Miller and Paterson, 2001; Vigneresse and Bouchez, 1997; Wiebe, 1996) suggest that many magma chambers were constructed incrementally by episodic assembly of multiple magmatic bodies, the three-dimensional shapes of which may vary from elongated sheet-like bodies (Hutton, 1992; Ingram and Hutton, 1994; Miller and Paterson, 2001 ) to elliptical or irregular bodies emplaced as nested diapirs (Allen, 1992; Bouchez and Diot, 1990; Paterson and Vernon, 1995; Stephens, 1992) . Episodic construction of chambers results in numerous internal boundaries between intrusive units along which a wide variety of processes may occur. We fi nd it useful to separate these processes into: (1) those related to emplacement of younger magmatic bodies-that is the processes by which preexisting intrusive material was displaced during emplacement of younger magmatic batches (i.e., material transfer processes [MTPs] of Paterson and Fowler, 1993) ; and (2) those that occur during and after juxtaposition of the two magmas. We summarize examples of both groups of processes in Table 1 .
In this paper, we describe our results from an investigation of internal contacts in the Tuolumne Batholith, central Sierra Nevada, California, and address the following questions: (1) How variable are internal contacts in magma chambers? (2) Can we establish MTPs that occurred during emplacement of younger intrusive batches from structures along these internal contacts? (3) What physical processes operated along internal boundaries after emplacement? And (4) can the geometry and kinematics of structures associated with internal contacts be used to evaluate the rheological state, chamber growth directions, and patterns of magma fl ow during emplacement?
We fi rst briefl y outline the overall geological setting of the Tuolumne Batholith, particularly its eastern half, describe the spatial distribution of several types of internal contacts, and focus on local domains preserving very complex contact relationships. We conclude that multiple, spatially and temporally variable, rheology controlled MTPs occur during emplacement of large magma batches within one another, but that the record of internal MTPs is commonly incomplete. We also demonstrate localized complexities and high across-and along-strike variability of processes operating at smaller scales. We conclude that voluminous magmatic stoping, downward fl ow of earlier magma batches and possibly collapses of low-strength contacts may be important large-scale processes during chamber evolution, whereas injections forming sheets (i.e., formed by uncertain mechanism and potentially involving variable host rock behavior) and dikes (i.e., sheet-shaped bodies formed by magma injection along cracks during elastic host rock behavior) and a variety of instabilities driving magma fl ow are important localized processes.
TUOLUMNE BATHOLITH
The Tuolumne Batholith is an ~2000 km 2 Late Cretaceous, composite batholith exposed in the central Sierra Nevada, California (Fig. 1) . It is emplaced into Early Cretaceous granitoids (e.g., El Capitan granite) to the west and lowgrade metasedimentary and metavolcanic rocks of early Paleozoic to Jurassic age to the east. Contacts of the Tuolumne Batholith with host rocks are steeply dipping and generally discor-B25558 page 2 of 14 dant to the host rock structures, although local domains occur with margin-parallel foliations. Based on gravity data (Oliver, 1977; Oliver et al., 1986) , vertical contacts of the Tuolumne Batholith extend downward at least to depths 6-12 km below the present-day erosion level. Estimates of emplacement depth of the batholith based on Al-in-hornblende barometry (Ague and Brimhall, 1988; Webber et al., 2001 ) indicate a presently exposed depth of 7-9 km.
The Tuolumne Batholith ( Fig. 1 ) consists of four concentrically arranged intrusive units that are progressively more felsic inwards: outer Kuna Crest unit (K KC ) to the east and its equivalents along the western and southern margins (tonalites of Glen Aulin and Glacier Point, granodiorite of Grayling Lake), and inner phases including Half Dome Granodiorite (K HD ), the K-feldspar megacrystic Cathedral Peak (K CP ) Granodiorite, and a central phase, the Johnson Granite Porphyry (K JP ; Bateman, 1992; Bateman and Chappell, 1979) . The Kuna Crest phase is mostly fi ne-to medium-grained, dark-colored, equigranular tonalite, quartz diorite, and biotite-hornblende granodiorite, typically with very strong magmatic fabric and abundant mafi c enclave swarms. These units crop out in narrow strips along the western and southern margin of the Tuolumne Batholith and as a larger body to the southeast. The Half Dome Granodiorite, comprising an outer equigranular and inner porphyritic phase, is generally much coarser-grained than K KC and is characterized by the presence of large (up to ~2 cm in length) prismatic euhedral hornblendes and conspicuous sphene. The porphyritic variety contains large (up to ~3 cm in length) K-feldspar phenocrysts. The Cathedral Peak Granodiorite, which forms the most voluminous part of the Tuolumne Batholith, typically consists of biotite granodiorite containing abundant large K-feldspar phenocrysts (on average 4-5 cm, but locally up to ~10 cm in length) and large quartz pools in a medium-grained matrix. The central phase, the Johnson Granite Porphyry, is fi negrained equigranular granite, locally containing sparse K-feldspar phenocrysts.
Internal contacts between the main intrusive phases in the Tuolumne Batholith were fi rst described and interpreted by Bateman and Chappell (1979) and Bateman (1992) . These authors emphasized that internal contacts between the four main units of the batholith are generally sharp, only locally diffuse or gradational, and that gradual compositional and microstructural changes occur within these units away from the contacts. They also described the gradational contact between the equigranular and porphyritic phases of the Half Dome Granodiorite and explained this gradation as a result of fractional crystallization. Bateman (1992) interpreted truncation of older by younger units as a result of removal of older, partly solidifi ed outer carapace by magma surges (i.e., relative movement of magma batches within an already formed chamber). Where a magmatic surge removed little of the adjacent older unit, textural and compositional changes across the contact are slight, whereas signifi cant changes occur where large parts of the older units were removed (Bateman, 1992) .
Additional constraints on the interpretation of internal contacts between main intrusive phases of the Tuolumne Batholith are provided by available geochronological and isotopic data. , Miller and Paterson (2001) , Weinberg (2001) Processes
Structures in plutons References
Physicochemical processes during and after emplacement
Gravitational sorting of objects in magma (gravitational differentiation)
Accumulations of crystals, layering with vertical gradations Philpotts (1990) , Wiebe (1997) , Wiebe et al. (2002) Gravitational Rayleigh-Taylor type instabilities Diapiric structures, schlieren tubes, ladder dikes, snail structures Reid et al. (1993) , Vaughan et al. (1995) , Weinberg (2001) Gravitational compaction, fi lter pressing and melt extraction
Crystal accumulations, melt extraction structures, molding of layers around rigid objects Weinberg (2001) , Weibe and Collins (1998) Collapses of steep intrusive contacts, gravitational slumping
Complex fl ow and mingling structures Bergantz (2000) Sorting of objects in magma fl owing along interface perpendicular to fl ow direction (wall, Magnus and Bagnold effects)
Margin-parallel differentiated layers sorted by minerals and/or crystal size Barriére (1976) , Komar (1972) Sorting of objects in magma fl owing along interface parallel to fl ow direction Accumulations of crystals, enclave swarms , Tobisch et al. (1997) Porous fl ow of interstitial melt across interface into domains of higher permeability
Contact-parallel schlieren layering Weinberg (2001) Complex magma fl ow Complex patterns of schlieren and enclaves Bergantz (2000) , Flinders and Clemens (1996) 
Thermal interactions
Chilled margins, melting, various types of solidifi cation microstructures Frost and Mahood (1987) Mechanical interactions, magma mingling Enclaves and enclave swarms, mafi c sheets or layers Fernandez and Gasquet (1994) , Frost and Mahood (1987) , Janousek et al. (2000) , Wiebe et al. (2001) , Wiebe et al. (1997) Naney and Swanson (1980) In contrast to models of in situ fractionation of single parent melt as proposed by Bateman and Chappell (1979) , recent geochronological studies (Coleman and Glazner, 1997; Coleman et al., 2004; Kistler and Fleck, 1994) indicate that the entire suite was constructed between ca. 92 and ca. 85 Ma by the intrusion of four main intrusive units, spaced 1-3 m.y. apart. Based on Sr and Nd isotopic analyses, Kistler et al. (1986) concluded that these intrusive units evolved separately and were derived from mixing of basaltic and granitic magma. In light of radiometric and isotopic data, the gradational contact between the equigranular and porphyritic phases of the Half Dome Granodiorite was viewed as a gradational contact between two separate magma batches (Kistler and Fleck, 1994) . The Cathedral Peak Granodiorite is interpreted as a later intrusion of the same magma batch as the inner porphyritic Half Dome Granodiorite. However, the continuous Sr isotopic zonation between the outer Kuna Crest phases and inner K-feldspar porphyritic Half Dome Granodiorite, as pointed out by Kistler et al. (1986) and Bateman (1992) , suggests possible hybridization between two coevally emplaced but contrasting magmas.
DESCRIPTION OF INTERNAL CONTACTS IN THE TUOLUMNE BATHOLITH
Our examination of internal contacts focused on the eastern half of the Tuolumne Batholith ( Fig. 1) . Here, intrusive contacts between the main intrusive units vary from sharp, to gradational, to sheeted (i.e., broader zones consisting of multiple compositionally and texturally variable sheet-like bodies-see below). Our mapping also revealed across-and along-strike variations of these internal contacts as well as the presence of several structurally and petrologically complex domains (Sawmill Canyon, Fletcher Peak area, Mammoth Peak, Potter Point; Fig. 1 ).
Johnson Granite Porphyry-Cathedral Peak Granodiorite Contact
In map view the Johnson-Cathedral Peak contact is irregular in detail but generally lobate along its southern margin and straight and generally N-S striking along the eastern margin ( Fig. 1) . At meter-scale the contact is irregular, mostly steeply dipping, and sharp. The contact has straight segments that make abrupt changes in direction, and it sharply truncates layering or contacts between different texturally defi ned phases without any evidence of displacement, suggesting that these contacts are former mode I fractures. Both units along the contact are typically homogeneous but locally include rare margin-parallel schlieren (i.e., layering defi ned by an increase in the modal amount of mafi c minerals), some aplitic to pegmatitic dikes, and cases where large K-feldspar megacrysts and/or blocks typical of the Cathedral Peak Granodiorite occur within the Johnson Granite Porphyry. Igneous grains in both units mutually interpenetrate across the contact and a weak WNW-ESE magmatic fabric typically crosscuts the boundary at a high angle with no change in orientation. These observations indicate that melt-present mineral growth and alignment continued after juxtaposition of magma across the contact.
Dikes of the Johnson Granite Porphyry commonly intrude across the contact into the Cathedral Peak Granodiorite. We have also found evidence for reintrusion of the Cathedral Peak Granodiorite into the Johnson Granite Porphyry along its N-S striking contact. For example, megacryst-rich dikes of the Cathedral Peak Granodiorite intrude into the Johnson Granite Porphyry near and south of the Tuolumne Meadows area. To the east of Johnson Peak, stoped blocks of the Johnson Granite Porphyry with angular to lobate boundaries are enclosed within the Cathedral Peak Granodiorite. These observations imply a more complicated intrusive history than previously assumed for the central part of the Tuolumne Batholith (i.e., volcanic feeder system; Bateman and Chappell, 1979) . For example we favor an interpretation that the Johnson Granite Porphyry is residual melt drained from and enclosing collapsed blocks of Cathedral Peak Granodiorite, and that both units intruded into and broke off pieces of the other unit.
Contact Between Cathedral Peak and Older Units
The Cathedral Peak Granodiorite is the only intrusive unit in the eastern Tuolumne Batholith that cuts across all older intrusive units and into the metavolcanic host rock. We have thus mapped the eastern margin of the Cathedral Peak Granodiorite against the inner and outer Half Dome and Kuna Crest Granodiorites and against the metavolcanic host rock (Fig. 1) . Regionally the contact strikes roughly N-S in this part of the batholith, with both planar and lobate to more irregular segments. In places (e.g., Sawmill Canyon), the generally N-S or NE-SW-striking contact takes abrupt (up to 90°) steps to the east, and cuts outward and juxtaposes the Cathedral Peak Granodiorite with older units.
The details of this contact vary greatly. At meter-scale, the contact typically consists of narrow gradational zones where it intrudes the inner porphyritic Half Dome Granodiorite. Gradational portions consist of 5-10 m, to 50 m in places, transition zones commonly delineated by abundant mafi c schlieren. Gradations are defi ned by increasing size of K-feldspar phenocrysts (from 2 to 3 cm in the Half Dome Granodiorite to 5-10 cm in the Cathedral Peak Granodiorite) and a modal decrease in the amount of large euhedral hornblende. The Cathedral Peak Granodiorite commonly contains large (1-2 cm in length) euhedral hornblende, typical of Half Dome Granodiorite and not common in the Cathedral Peak Granodiorite further away from the contact. As the Cathedral Peak contact steps outward, it changes from a gradational to a sharp boundary, eventually having the knifesharp characteristics of the stepped, mode I fractures described along the Johnson-Cathedral Peak contact. Schlieren layering (i.e., relatively straight and subparallel schlieren), schlieren troughs (i.e., curved schlieren defi ning troughs that open in one direction and are often truncated by other troughs defi ning a single direction of trough younging), enclave swarms and less commonly K-feldspar megacryst-rich clusters (i.e., a localized increase in the modal percent of K-feldspar megacrysts) occur locally along the contact. Structurally and petrologically complex zones (described in a later section) occur particularly where the contact becomes geometrically highly irregular. In summary, both the inner (with Johnson Granite Porphyry) and outer (with all older units) contacts of the Cathedral Peak intrusive phase are typically the sharpest, most geometrically irregular, and sometimes most discordant to older structures of all the intrusive contacts in the eastern Tuolumne Batholith.
Contact Between Outer and Inner Half Dome Granodiorites
In contrast to the above, the NE-SW striking contact between the equigranular and porphyritic phases of the Half Dome Granodiorite is gradational if not entirely absent. This gradational contact is developed as a wide transition zone defi ned by gradual compositional and textural changes over several hundred meters with no sharp boundaries on either side. Gradations are marked by modal increase in content of K-feldspar phenocrysts, as well as increase in their grain size (from 0.5 to 2-3 cm in inner Half Dome Granodiorite). The contact is typically petrologically relatively homogeneous with no sheets, dikes, or compositional layering (i.e., layering formed within sheets or other intrusive units) inside or along margins and with only rare microgranitoid enclave swarms and schlieren.
Contact Between Half Dome and Kuna Crest Granodiorites
The contact between the outer equigranular Half Dome Granodiorite and the Kuna Crest Granodiorite is the most variable and locally is a very complex intrusive boundary. In map view, the contact is highly irregular. In the southern part of the mapped area, from Fletcher Peak to Potter Point ( Fig. 1) , the contact generally strikes SW-NE. Two kilometers NE of Townsley Lake, the outer equigranular Half Dome Granodiorite pinches out and toward the SW is replaced by porphyritic Half Dome Granodiorite, forming a relatively well-defi ned sharp contact with a complex domain exposed to the E of Townsley Lake. At Potter Point, the contact steps to the SE, takes a large, curved bend and then irregularly continues to the N, where it is cut off by the Cathedral Peak phase at Sawmill Canyon, north of which it is only exposed in one small block (Fig. 1 ). Contact relationships vary along its strike (see following section). Locally, the contact is sharp (e.g., in Sawmill Canyon), or sheeted (Mammoth Peak, Fig. 2 ), but in most places it is gradational over a several hundred-meter-wide zone. This transition is characterized by a modal decrease in mafi c minerals, modal increase in euhedral hornblendes and a decreasing amount of sphene in an inward direction from Kuna Crest to Half Dome Granodiorites.
Structurally and Petrologically Complex Contact Domains
The most complex contact relationships in the eastern part of the Tuolumne Batholith occur along the Half Dome-Kuna Crest contact (e.g., Mammoth Peak, Potter Point, and Fletcher Peak areas; Figs. 2, 3, 4, 5A, B), or where the Cathedral Peak steps outward along irregular margins (Sawmill Canyon area).
Mammoth Peak Area
One area displaying the complexities along the contact between the Kuna Crest and Half Dome Granodiorites is exposed on the northern slope of Mammoth Peak, 5 km ESE of Tuolumne Meadows (Figs. 1 and 2). Here, the contact between Kuna Crest and inner (equigranular) Half Dome phases is a N-S-striking, ~200-m-wide gradational zone. However, stoped blocks of older, strongly layered intrusive material and abundant enclave swarms also occur along this boundary (Fig. 3D ).
This gradational contact between Kuna Crest and Half Dome Granodiorites is intruded by a series of strongly sheeted units that are compositionally and structurally highly variable (Fig. 3C ). These sheeted units are oriented ~E-W and dip gently to moderately to the south (Fig. 3C) . Crosscutting relationships between sheets, and between schlieren troughs within sheets, indicate that growth occurred in an upward and southerly direction in these zones (Fig. 3C) . Younger aplitic or pegmatitic dikes intrude the whole area and have more variable orientations.
Directly adjacent to the western edge of the gradational contact, a 0.25-km-wide and several-kilometer-long, ~N-S-striking, strongly sheeted unit is exposed (Fig. 2) . This sheeted unit has mostly sharp inner and outer margins and consists of numerous alternating, decimeter-to meter-scale mafi c schlieren and felsic sheet-like bodies of variable compositions, including granodiorite, hornblendite, leucogranite, aplite and pegmatite, with many layers being generally more felsic than the host Half Dome Granodiorite. Boundaries between individual sheets are both sharp and gradational. Sheets are steeply to moderately dipping and strike ~N-S. However, sheets are commonly defl ected or magmatically folded into steeply plunging open meter-scale folds. At map scale, the entire unit is also defl ected and narrows to the N and S. In most cases, crosscutting relationships between individual sheets, and between schlieren troughs within sheets, indicate a consistent younging or growth direction of these sheets toward the E-that is toward the older Kuna Crest unit (Fig. 3A) .
A wide variety of petrological and structural complexities is preserved in this sheeted zone (Fig. 3) . These features include common enclave swarms, comb layering (i.e., the nucleation on and crystal growth perpendicular to local compositionally defi ned walls), ovoidal structures (e.g., K-feldspars or microgranitoid enclaves mantled by plagioclase), and "ridge and pillar" structures (Fig. 3B) . We suggest that the latter develop where more felsic layers begin to fl ow upward through more mafi c layers and mechanically disrupt them, fi rst forming ridgelike and then pillar-like zones.
Potter Point Area
This domain is located at the tip of a bulge of the Half Dome Granodiorite extending southeastward into the Kuna Crest (Fig. 1) . 
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Here, the Kuna Crest Granodiorite has been intruded by numerous mafi c and felsic dikes, mafi c enclave swarms, "schlieren tubes" (i.e., entirely enclosed schlieren defi ning steeply plunging tubes interpreted to form during localized fl ow of magma up tube-shaped channels; Weinberg, 2001) , or "ladder dikes" (i.e., migrating schlieren tubes; Figure 5B , 5D). The mafi c and felsic dikes occur in two superimposed sets: older NW-SE more mafi c (granodiorite rich in hornblende and biotite) and younger NE-SW felsic (aplitic and aplopegmatitic compositions). The dikes of both sets are typically 1-2 m thick and have sharp and straight boundaries, in contrast to more irregular and lobate boundaries of earlier schlieren tubes and enclave swarms. Some of the dikes are gently folded and have axial planes parallel to the magmatic fabric in the host granodiorite.
Aside from the dikes and enclave swarms intruding the Kuna Crest Granodiorite, other zones show clear evidence of magmatic stoping. Typically, these zones are up to 10 m wide, having sharp, straight, and steep SW-NE outer boundaries. Inside these zones, abundant stoped blocks of Kuna Crest Granodiorite, up to 3-5 m in size and commonly angular to subangular, are surrounded by compositionally very heterogeneous intrusive material, often more mafi c than the host granodiorite and containing abundant microgranitoid enclaves (Fig. 5A ). This intrusive material is probably derived from Half Dome magma, because it is clearly younger than Kuna Crest Granodiorite and typically contains both large euhedral hornblendes and microgranitoid enclaves similar to those found in the Half Dome Granodiorite.
Fletcher Peak Area
To the east of Fletcher Peak near Townsley Lake (Fig. 4) , complex intrusive contacts are exposed between the Kuna Crest, porphyritic Half Dome and Cathedral Peak Granodiorites, and older metavolcanic or strongly deformed intrusive host rocks (Ireland Lake Granodiorite). 
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The oldest intrusive events in this domain are represented by the formation of E-W sheets of Kuna Crest Granodiorite intruding along the E-W foliation in the strongly sheared Ireland Lake Granodiorite (Fig. 4) . Margin-parallel, strongly sheeted units preserved along the boundaries with host rock metavolcanics and Ireland Lake Granodiorite grade into a structurally and petrologically complex zone with abundant enclave swarms, common schlieren troughs or more complicated schlieren patterns (Fig. 5C ), K-feldspar clusters, and sheets of variable composition. The complex zone is sharply truncated by a phase of porphyritic Half Dome Granodiorite forming a highly irregular contact delineated by contact-parallel mafi c schlieren or sheets of leucogranites, hornblendites, and Kfeldspar cumulates. Further to the NW, the porphyritic Half Dome Granodiorite is also sharply truncated by the Cathedral Peak Granodiorite along a NE-SW contact.
Sawmill Canyon Area
Relationships between different magmatic phases in the Sawmill Canyon area are some of the most complex we have observed (Figs. 1  and 6 ). Here the locally sheeted Kuna Crest phase intrudes volcanic and volcaniclastic host rocks in the southern portion of the area. But the Kuna Crest is abruptly truncated in the Sawmill Canyon area along an ~E-W contact by younger magmatic phases and is not seen again further north along the eastern or northern margins of the Tuolumne Batholith. The outer equigranular Half Dome Granodiorite, which intrudes the Kuna Crest, is also truncated in the Sawmill Canyon area along the same ~E-W contact (Fig. 6 ), but appears again farther north in an isolated block where its eastern edge intrudes the volcaniclastic host rocks and the remainder of the block is engulfed by the Cathedral Peak Granodiorite. Both of the above units are truncated by a series of strongly sheeted units that are compositionally and structurally highly variable (Fig. 7C ) but generally consist of magmas similar to the Half Dome and Cathedral Peak phases. Finally, the Cathedral Peak Granodiorite intrudes the western margin of the Half Dome in the southern part of this area, but increasingly steps to the east and cuts out all other units farther north (Fig. 7) . The Cathedral Peak Granodiorite also truncates the complex mingled zones, partially fi lls the gap between the northern and southern segments of the Half Dome Granodiorite, contributes pulses of magma to the mingled zones, and forms late dikes that intrude across 
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all other units and into the volcanic and volcaniclastic host rocks.
The sheeted zones form a series of narrow, rectangular zones cutting across the Half Dome and Kuna Crest units and one large curved zone in the region where the Kuna Crest and Half Dome units end (Fig. 6) . Rafts (in situ host rock surrounded by intrusive material) and blocks (rotated pieces of host rock) of Half Dome, Kuna Crest, and volcanic rocks locally are present in the largest mingled zone. These zones consist of numerous intrusive pulses, most of which appear to be derived from the Half Dome or Cathedral Peak phases, and consist of hornblende-rich granodiorites, enclave-rich granodiorites, schlieren-dominated granodiorites, often with K-feldspar megacrysts, K-feldspar megacryst-rich granite pegmatites, and aplites. Mingling (defi ned here as mechanical stirring of distinct magma pulses regardless of the mechanisms, driving forces and scale; homogenization of the magmas involved does not occur in contrast to mixing) between these intrusive pulses is common. Crosscutting relationships between sheets, and between schlieren troughs within sheets (Fig. 7D) , provide a growth sequence within the mingled zone. Although exceptions occur, two patterns are common: (1) the more mafi c "Half-Dome-like" magmas are increasingly replaced by more felsic "Cathedral Peak-like" magmas; and (2) growth in the mingled zones occurs eastward or southeastward, depending on the orientation of the sheeted zones, but always toward the older volcanic host rock or truncated Kuna Crest and Half Dome phases. In the roughly E-W striking mingled zones (Fig. 7C) , sheets dip gently to steeply to the south, so growth occurred in an upward and southerly direction in all of these zones.
A number of structures in these mingled zones indicate that numerous mechanical insta- bilities formed during and immediately after formation of the sheets. Schlieren typically defi ne large troughs and less commonly straight layers. We also have mapped schlieren tubes with steeply plunging tube axes that intrude through older layering, small diapir-like bodies which deform the surrounding layering, folds of the layering (Fig. 7B) , and locally "ridge and pillar" structures identical to those described in the Mammoth Peak area (Fig. 3B) .
MAGMATIC FABRICS AND INTERNAL CONTACTS
Except for some local complexities, two regional magmatic fabrics (defi ned as planar and linear mineral alignment using criteria outlined in Paterson et al., 1989 ) are present as two steeply dipping foliations in the domains discussed above and are also widespread throughout the Tuolumne Batholith (Paterson et al., 2003) . These consist of an older ~N-S to NNW-SSE foliation, which is typically parallel to contacts between the main intrusive phases, and a younger ~WNW-ESE foliation that overprints all internal contacts. These two foliations share a single steeply plunging mineral lineation defi ned by mineral alignment of hornblende, biotite and K-feldspar, and commonly microgranitoid enclaves. Fabrics are most intensely Figure 6 . Map of Sawmill Canyon area. Eastern margin of this area consists of metavolcanic host rock with NNW-SSE foliation. Note irregular stepped margin between metavolcanics and Tuolumne Batholith, which we interpret to refl ect magmatic stoping. The Kuna Crest and Half Dome Granodiorites, exposed in the southern part of the area, are sharply cutoff by a highly mingled zone and by E-W strongly layered sheets dipping S. Stoped blocks of both host metavolcanics and Kuna Crest Granodiorite are preserved in the mingled zone. Younging directions consistently point toward older units in the mingled zone and upward (southerly) in E-W layered sheets. Cathedral Peak Granodiorite abruptly cuts outward (to the E) and sharply truncates all older units. Two regional magmatic foliations are present in the area: an older N-S and younger NW-SE. The former is parallel to host rock margin, the latter overprints all older structures.
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developed in the Kuna Crest Granodiorite and along internal margins and generally decrease in intensity inward and away from margins. The N-S fabric, in part because it is typically most strongly developed in the Kuna Crest Granodiorite, is possibly related to chamber shortening during emplacement of younger units, whereas the WNW-ESE fabric overprints contacts and thus must postdate juxtaposition of the different phases. The most intriguing point concerning the younger (~WNW-ESE) of the two foliations is that this fabric commonly overprints all older magmatic structures described in sections above (internal contacts, sheeted domains, layering, stoped blocks) without signifi cant changes in orientation (Figs. 2, 4 , and 6) and therefore is not related to magma emplacement. In addition, in many cases the younger foliation entirely overprints older fabrics destroying any older record of strain of the magma.
DISCUSSION
Below we discuss implications of our fi eld observations in the Tuolumne Batholith, fi rst for internal (i.e., within a chamber) emplacement mechanisms during emplacement of younger phases, and then for physical processes operating across internal contacts.
Internal Emplacement Processes
Internal material transfer processes (i.e., MTPs of Paterson and Fowler, 1993) during the emplacement of one magma batch into another may always be diffi cult to fully constrain for the following reasons: (1) if chambers are fed by multiple pulses of magma, then multiple "emplacement events" must occur that may vary spatially and temporally within the chamber; (2) some MTPs may remove evidence of older MTPs; (3) internal processes and/or late magmatic strain may overprint and potentially wipe out older features that provided evidence of earlier MTPs; and (4) some features pre- served in plutons may form by more than one mechanism and thus make their role during emplacement uncertain. We face all of these diffi culties in the Tuolumne Batholith, even though this batholith is superbly exposed. Despite these diffi culties we suggest that there is preserved evidence for the following internal MTPs during emplacement of different magma batches in the Tuolumne Batholith.
Kuna Crest Granodiorite
We suggest that the outermost units (i.e., Kuna Crest Granodiorite and tonalite) along the eastern margin of the Tuolumne Batholith were emplaced by magma wedging into metavolcanic host rock (i.e., emplacement of sheet-like magma bodies parallel to host rock foliation or earlier sheets during downward or lateral displacement of host rock) and by magmatic stoping (i.e., cracking and downward displacement of earlier, largely solidifi ed blocks) of metavolcanic host rock and older Kuna Crest units. Evidence for the former is represented by the sheets of the Kuna Crest Granodiorite between deformed host rock rafts. The sheets intruded syntectonically during ~E-W contraction typically have margin-parallel ~N-S internal magmatic fabric and are parallel to host rock foliation. The evidence for the latter is represented by missing host rock units, stepped contacts at map scale, and stoped blocks of both host metavolcanics and Kuna Crest in younger magma batches.
Half Dome Granodiorite
We suggest that one line of evidence for the emplacement of the Half Dome Granodiorite is provided by the older of the two regional fabrics. This fabric is most strongly developed in the outermost Kuna Crest Granodiorite and is typically margin-parallel (~N-S to NNW-SSE). Margin-parallel magmatic foliations along with vertical magmatic lineations indicate that horizontal shortening in a direction perpendicular to the margin, and vertical extension parallel to the margin occurred in the Kuna Crest Granodiorite magma. We suggest that this fabric, at least in part, may be related to the emplacement of the Half Dome Granodiorite, and, therefore, that some space for younger magmas in nested systems may have been created by lateral shortening and vertical extension of older magmatic units.
Importantly, large portions of the outer (equigranular) Half Dome Granodiorite are missing in several areas along the eastern margin of the Tuolumne Batholith. For example, in the domain between Potter Point and Fletcher Peak areas, the contacts between the Kuna Crest and outer Half Dome and the outer/inner Half Dome Granodiorite s are wide gradational zones ( Fig. 1): however, to the east of the Fletcher Peak area the outer (equigranular) Half Dome Granodiorite pinches out and the inner (porphyritic) Half Dome Granodiorite forms a sharp contact where it juxtaposes the Kuna Crest Granodiorite or truncates the complex mingled zone (Figs. 1 and 4) . In the Sawmill Canyon area, the outer Half Dome Granodiorite is entirely missing (Fig. 6) . These large missing portions of intrusive units imply that displacement of older intrusive material out of the present-day exposure level must have occurred, although the means by which such transport occurred may differ for each type of contact (i.e., sharp versus gradational). We suggest that the downward fl ow of earlier pulses or large-scale collapses of low-strength intrusive contacts (Bergantz, 2000) may have occurred within the wide gradational zones, whereas voluminous magmatic stoping was the dominant process along the sharp, presumably higher-strength contacts.
Cathedral Peak Granodiorite
The eastern contact of the Cathedral Peak Granodiorite is typically sharp in all regions that we mapped (Fig. 1) , and we suggest that it provides particularly good examples of large-scale stoping of older units. We described several examples (e.g., Sawmill Canyon, Fletcher Peak) where the Cathedral Peak Granodiorite sharply truncates at map scale all earlier intrusive units without defl ecting or internally deforming these units. The best example of such truncation is exemplifi ed by the Sawmill Canyon area (Fig. 6) , where the Cathedral Peak Granodiorite forms a sharp contact that steps out to the east truncating Kuna Crest and Half Dome Granodiorite s, the complex mingled zone, and stratigraphy in volcanic host rocks. Moreover, results of our recent mapping along the western part of the Tuolumne Batholith (not presented in this paper) also suggest that the outer contact of the Cathedral Peak Granodiorite is sharp and discordant, and that large portions of the outer units were either slumped through or stoped into the Cathedral Peak Granodiorite. Given the large extent of sharp outer contact of the Cathedral Peak Granodiorite, we suggest that magmatic stoping and downward transport of older intrusive units was the dominant process, at least during fi nal emplacement of the inner (and most voluminous) intrusive unit (i.e., Cathedral Peak Granodiorite) of the Tuolumne Batholith.
Johnson Granite Porphyry
We suggest that the Johnson Granite Porphyry represents residual melts drained from the Cathedral Peak Granodiorite into the central region of the batholith. In this regard, we believe that the evolution of the central part of the Tuolumne Batholith is more an issue of internal processes such as fractional crystallization rather than an emplacement issue, although complications (collapsed blocks of Cathedral Peak Granodiorite, dikes, and reintrusions) along the Johnson Granite Porphyry-Cathedral Peak Granodiorite contact suggest that a more complex intrusive history occurs locally. However, more focused geochemical work is necessary to further establish the evolution of the central part of this batholith.
Locally Complex Intrusive Histories
In addition to the above large-scale processes, our fi eld observations show very complex localized intrusive histories along the eastern margin of the Tuolumne Batholith and thus evidence for other more localized MTPs. For example, we described sheeted zones in areas along internal contacts, the best example of which is the Mammoth Peak area (Fig. 2) . We have described two types of these sheeted zones: steeply dipping sheets that are approximately parallel to internal or magma-host rock contacts, and highly discordant, E-W sheeted zones dipping moderately to the S. Important characteristics of these sheeted complexes are that (1they are spatially related to internal contacts or margins of intrusive units (rather than in centers of intrusive units), (2) they consistently show growth toward older units (as established by crosscutting relationships of individual sheets and troughs within sheets), and (3) they typically have sharp inner and outer boundaries. We suggest that the most likely interpretation of the margin parallel sheeted zones is that they formed by incremental emplacement of magma into reduced stress zones. One of several possible causes for these reduced stress zones is thermal contraction (negative volume change during crystallization) of younger magma batches at the contacts with older units (e.g., John and Blundy, 1993) . Another possibility is differential fl ow of high-strength crystal mushes along internal boundaries.
Our fi eld evidence also suggests that during and after assembly of these sheeted zones, petrological and structural complexities (gravitational instabilities, "ridge and pillar" structures) developed within sheets, and that these sheets were overprinted by syn-to postemplacement magmatic folding and by a late magmatic strain preserved as an overprinted magmatic fabric. These features indicate that melt was still present in the system after these sheets were assembled. However, the sharp contacts between many individual sheets suggests that effective magma viscosities were high enough to prevent large-scale homogenization, mixing (i.e., the mixing of two or more magmas or magma batches to form a hybrid magma; the B25558 page 12 of 14 resulting magma commonly inherits intermediate properties of the two parent magmas), or interface collapses of sheets (Bergantz, 2000) .
The discordant sheeted zones (Sawmill Canyon area, Fig. 6 ; Mammoth Peak area, Fig. 3C ) also show sharp external and internal boundaries, many complexities within sheets, and a consistent upward (to the S) younging direction, indicating that growth (i.e., the intrusion of younger magma batches) occurred in an upward and southerly direction in all of these zones. We propose that these E-W zones formed along zones of cracking, because they (1) sharply crosscut older units without evidence of faulting, (2) have a consistent orientation (E-W, moderately to gently dipping to the S), (3) have sharp inner and outer boundaries, and (4) are overprinted by a magmatic fabric. We interpret these cracks as large tension gashes resulting from N-S (parallel to N-S contacts with the metavolcanic host rocks), gently to moderately plunging (to the N) extension during the pulling apart (and sometimes stoping) of older units. Essentially these zones may represent a unidirectional "crack-seal" type mechanism involving crystal-rich mushes.
The most complex, polyphase intrusive relationships we have recognized to date are preserved in the Sawmill Canyon area. Our interpretation is that during truncation and removal of large semi-solid pieces of the Kuna Crest and Half Dome Granodiorites, a highly irregular margin was developed. As the older phases were pulled apart, younger melts from the inner Half Dome and Cathedral Peak drained into this region and formed a series of sheets that began to mingle with and/or disrupt other sheets, resulting in the spectacular petrological and structural complexities (gradations, sheeting, complex schlieren patterns and mingling structures). This cracking and removal of large semi-solid blocks of magma and the fi lling of the cracks forming between blocks may represent a spectacular example of internal stoping within magma chambers. If this interpretation is correct, the other discordant sheeted complexes along this margin may refl ect the initiation of other blocks that were not entirely removed before this part of the chamber had solidifi ed.
Implications for Rheology of and Physical Processes in Magma Chambers
We suggest that the contrasting types of internal contacts (i.e., gradational versus sharp, simple versus complex) in the Tuolumne Batholith, and the additional local complexities preserved in domains along internal contacts provide information about the rheology of and physical processes operating in magma chambers. Bateman and Chappell (1979) suggested that the dominant internal processes in this chamber were sidewall crystallization and fractionation, with the likely additional process of local magma surges. This model must be tempered by subsequent geochemical (Kistler et al., 1986) and geochronological (Coleman and Glazner, 1997; Kistler and Fleck, 1994) studies, as well as the characteristics of the contacts as described in this paper. However, there is still ample geochemical evidence (Bateman and Chappell, 1979) , and fi eld evidence (this paper) that fractional crystallization was a widespread process within each major intrusive unit. The gradational, compositional (more felsic inward), and textural characteristics within each intrusive unit, the presence of mafi c cumulates, K-feldspar clusters, and more evolved magmas in our sheeted zones and Johnson Granite Porphyry are all compatible with the chemistry of Bateman and Chappell (1979) and support the conclusion that crystal-melt fractionation was a widespread and important process in the Tuolumne Batholith.
The interpretation of the gradational boundaries in the Tuolumne Batholith (e.g., contact between porphyritic and equigranular Half Dome Granodiorite phases, gradations between Kuna Crest and equigranular Half Dome Granodiorites) remains problematic. Based only on our fi eld data we are not able to rule out either of the two contrasting interpretations of gradational contact between inner and outer Half Dome Granodiorite phases (i.e., fractional crystallization of a single magma batch or mixing of two separate magma batches; Bateman and Chappell, 1979; Kistler and Fleck, 1994) . However, since recent isotopic studies conclude that these represent separate magma batches (Kistler and Fleck, 1994) , the gradational contacts may represent domains in which partial homogenization and mixing of separate magma batches occurred, resulting in wide transition zones with shared characteristics and no sharp boundaries. The size of these zones, several hundred meter widths and tens of kilometer lengths, point to the large scale of these processes, whereas the gradational nature of these zones indicate that magmas met the appropriate conditions (relative viscosities, fl ow fi eld, and volumetric proportions; e.g., Bergantz, 2000) for their mixing.
Importantly, missing portions of these broad transition zones may give an example where downward displacement occurred after mixing and mingling of adjacent phases. We have documented several examples where large units are abruptly missing along the eastern margin of the Tuolumne Batholith. These examples include the missing outer equigranular Half Dome Granodiorite in the Fletcher Peak area and the missing inner (porphyritic) unit in Sawmill Canyon. Given the overall concentric compositional zonation of the Tuolumne Batholith, and that these units represent separate magma batches, the abrupt absence of either phase along internal contacts cannot be explained as a result of along-strike textural and compositional variations. Instead, vertical displacement of preexisting intrusive material out of the present-day exposure level must have occurred along these contacts. We suggest that there are two possible interpretations of these "gaps" within the gradational domains: downward fl ow (or stoping?) of the transition zones or localized collapse of lowstrength intrusive contacts (Bergantz, 2000) , the latter of which may also produce mixed gradational zones and disruption of older units.
In contrast to gradational character of the contact between porphyritic and equigranular Half Dome Granodiorite phases, we interpret sharp contacts (e.g., contact between Johnson Granite Porphyry and Cathedral Peak Granodiorite, and contact between Cathedral Peak and inner Half Dome Granodiorites) to have formed by magmatic stoping through cracking of high-viscosity magmas. In this scenario no mixing or mingling between juxtaposed phases is likely to have occurred, even at the decimeter scale. Our observations suggest that magmatic stoping of earlier intrusive material may have been the dominant process along this type of contact. Field evidence, such as sharp margins of stoped blocks or sharp and very straight margins of fractures fi lled by younger magma, from smaller-scale examples such as Potter Point to large-scale examples such as Sawmill Canyon, suggest that the resident magma (Kuna Crest and Half Dome Granodiorite) was a high-viscosity crystal mush capable of being fractured during intrusion by Half Dome and/or Cathedral Peak magmas. However, the magmatic fabrics overprinting the sharp boundaries and the margins of stoped blocks requires that some small portion of melt (<20%?) was still present in the magmas during and after stoping.
Given the preservation of the gradations within each intrusive phase, and the broad, gradational internal contacts and the locally much more complex zones along contacts between phases in this batholith, we can directly rule out chamber-wide convection, at least during later stages of chamber construction; such convection would alter or destroy these heterogeneities. Instead we propose that fractional crystallization within intrusive units and the downward fl ow and magmatic stoping of older units were the most important chamber processes operating at large scales. We also suggest that the evolution of the most complex domains, such as the Sawmill Canyon and Fletcher Peak areas, may refl ect the complex mechanical and chemical interactions between multiple magma batches during emplacement at smaller scales. We argue that these structurally and petrologically complex domains in the Tuolumne Batholith are not distributed randomly, but instead are spatially related to geometrical irregularities of intrusive contacts such as rectangular "corners" of relatively rigid host rock (Fletcher Peak area; Fig. 4) or bulges of younger magma into the older pulses (Sawmill Canyon; Fig. 6 ). We suggest that in these domains older phases (Kuna Crest and outer Half Dome Granodiorites) were removed by downward fl ow or magmatic stoping, while younger magma (from the inner Half Dome and Cathedral Peak Granodiorites) intruded into these regions resulting in series of sheets and irregular magma mingling and fl ow patterns. Both the geometrical irregularities of intrusive contacts and sequential emplacement of compositionally distinct batches resulted in disruption, mingling and complex interactions between the intrusive phases, and in the spectacular petrological and structural complexities found in these domains.
All of the above features were overprinted by a late magmatic ~E-W regional fabric formed by regional strain superimposed on a relatively static (at the time of fabric preservation) magma chamber (Paterson et al., 2003) . This fabric crosscuts both sharp and gradational contacts between intrusive units and also sharp margins of the small (Potter Point) and large (Sawmill Canyon) stoped blocks, and sheets between blocks or along margins. Therefore, we argue that at least some small portion of melt was still present in juxtaposed intrusive units for some poorly constrained amount of time after their emplacement, mixing, mingling, downward fl ow, stoping, and injections of fractionated magmas in local zones.
Our observations and conclusions thus contrast sharply with a recent model proposed by Glazner et al. (2004) and Coleman et al. (2004) for the Tuolumne Batholith, in which this batholith was constructed incrementally by many dikes that cooled below their solidus between injections. In their model, large magma chambers (regions with interconnected melt) never existed in the Tuolumne Batholith, directly implying that many processes (e.g., large-scale magma mingling, fractional crystallization, downward fl ow of older magma pulses and magmatic stoping) are mechanically impossible due to lower or no melt fraction in the resident magma pulses .
Although we describe local sheeting and diking in the outermost parts of the Kuna Crest unit and in local zones along internal margins, the scale of these sheeted zones or dikes is meters to single hundred meters and thus they are volumetrically negligible with respect to the exposed present-day section through the Tuolumne Batholith (~2000 km 2 ). Furthermore, we interpret most of these zones to refl ect the pulsing of magmas from other parts of the chamber-not as a record of initial chamber construction. Hence, we suggest that these sheeted zones provide no evidence that the Tuolumne Batholith was constructed in small increments by diking since most of the batholith is compositionally homogeneous over broad scales with no evidence for diking. A number of our other fi eld observations noted above also contradict theirs. We argue that (1) the gradations in compositions and textures in each intrusive phase (i.e., Bateman and Chappell, 1979) ; (2) the broad gradational zones between the Half Dome and Kuna Crest Granodiorites; (3) the large scale of regions preserving evidence of downward fl ow, stoping, or margin collapse; and (4) the regional, crosscutting, magmatic fabric all indicate that a fairly large, temporally evolving magma chamber existed in this batholith. We therefore suggest that large accumulations of melt in magma chambers existed in the upper crust for signifi cant periods of time (up to several m.y.), however, it is diffi cult to evaluate exactly from the preserved rock record the distribution of melt in space and time, i.e., whether melt fraction monotonically decreased inward or waxed and waned within the magma chamber.
CONCLUSIONS
Internal contacts in the Tuolumne Batholith, and structures preserved along these contacts, display large lateral and along-strike variations, with contacts ranging from relatively sharp, to gradational boundaries, to sheeted zones, to very complex boundaries formed by multiple processes.
Several rheology-controlled MTPs along these boundaries accommodated episodic emplacement of intrusive units in the Tuolumne Batholith. We propose that the spatial extent of each type of contact provides insights into the scale and thus relative importance of these MTPs during construction of this batholith. Based on this assumption, we suggest that fractional crystallization, magmatic stoping and downward return fl ow (and/or margin collapse) of older magma units were important large-scale processes during chamber construction. Wide gradational boundaries between the Half Dome and Kuna Crest phase may imply that kilometer-scale mixing occurred between these phases, whereas the large extent of sharp contacts and truncations of older units along the Cathedral Peak contact supports magmatic stoping. In contrast, sheeting and extensional cracking and diking represent only second-order, small-scale complexities.
We conclude that multiple processes are likely during emplacement of large magma bodies within one another that largely result in lateral or downward translation of older intrusive material, and that these processes contribute to both vertical and horizontal mass exchange within a magma chamber. However, obtaining a complete record of internal emplacement processes is unlikely for several reasons: (1) older intrusive material may have been removed from the exposed section by any of the vertical MTPs, (2) a previous record of emplacement processes preserved by fabrics in plutonic rocks can be overprinted by late magmatic fabrics resulting from regional strain , and (3) consistent timing relationships and kinematics in earlier units, both needed for evaluation of magma fl ow directions as a response of emplacement of younger units, are rarely, if ever, preserved in plutons.
The most complex contact relationships, exposed in the Sawmill Canyon and Fletcher Peak areas, are interpreted as a result of the incremental removal of older phases and draining of younger magma into these regions, producing a series of sheets and complex magma mingling and fl ow patterns. Both the geometrical irregularities of contacts and sequential emplacement of compositionally distinct units resulted in disruption, mingling, and complex interactions between the intrusive phases. We have also shown that these zones may be broken off and/or reincorporated into younger intrusive units.
The character of internal contacts and associated structures may provide some information about the rheological state of magmas as they become juxtaposed and continue to cool.
A late magmatic fabric, which overprinted all contacts and preexisting magmatic structures, indicates that the juxtaposed batches remained above their solidi for at least some poorly constrained amount of time after emplacement and that older magmatic fabrics are easily reset after chamber construction.
We argue that the following all indicate that a fairly large, temporally and spatially evolving magma chamber existed in this batholith: (1) the gradations in compositions and textures in each intrusive phase; (2) the evidence for fractional crystallization over broad scales; (3) the broad gradational zones that exist between the Half Dome and Kuna Crest Granodiorites; (4) the large-scale regions of downward fl ow, stoping, or margin collapse; and (5) the regional crosscutting magmatic fabric. We therefore suggest that large accumulations of melt in magma chambers may exist in the upper crust for signifi cant periods of time (up to several m.y.).
